Introduction
As the adverse effectso fa nthropogenic climatec hange continue to increase, the global need for clean and renewable energy is now larger than ever before.O ne method of lowering net atmosphericC O 2 emissions is to replacec onventional fossil fuels and petroleum-derived specialty chemicals with renewable alternatives. [1] Ethers have attractedr ecent interest as renewable fuels and lubricants. Symmetric and asymmetric linear ethers in the C 8 -C 12 range are suitable diesel additives owing to their high cetane numbers. [2] [3] [4] [5] Branched ethers such as methyl tert-butyle ther can also be added to gasoline because of their high octanen umbers. [6] Longer chain branched ethers in the C 28 -C 32 range have low pour points ande xcellent lubricant properties, [7] [8] [9] and could replace poly-alpha-olefin lubricants,which are produced fromf ossil reserves. [10, 11] Biomass-derived alcohols are promising candidates for producing renewable ethers. Ethanol and butanol can be obtained in high yields through fermentation processes such as ABE (acetone-butanol-ethanol) fermentation. [12] [13] [14] Longer chain linear alcohols such as 1-octanola nd 1-dodecanolc an be produced from the condensation of biomass-derived furan platform molecules, and the hydrolysis of triglycerides andf atty acids, respectively, [15] and then built up into branched alcohols with higher carbon numberst hrough the Guerbet reaction. [16] Some generalapproaches to producing linear and branched alcoholsf rom biomass-derived platform molecules are summarized in Scheme 1.
Direct etherification of biomass-derived alcohols over an acid catalysti sa na ttractive method of producing ethers because it does not require hydrogen gas and preciousm etal catalysts like reductivee therification. [17] The competing reaction for alcohold ehydration over an acid catalyst is unimolecular dehydration to form alkenes, which is thermodynamically favored at temperatures above approximately 350 K. Owing to their high volatility,a nd the propensityt of orm gums, alkenes are not desired in fuel and lubricant blends. [18] In ap reviouss tudy,t ungstated zirconia was identified as a selectivec atalyst for the liquid-phasee therification of 1-dodecanol, with ether selectivities above 94 %a tm oderate temperatures (393 K). [19] This study suggested that the high selectivity to ether is due to ac ooperative effect between Brønsted-and Lewis-acid sites on the surface of the catalyst, which promotes the bi-moleculare therification reaction. This researchm otivatest he current study,w hich aims to evaluate the extentt ow hich tungstated zirconia can be used to produce av ariety of symmetrical and asymmetrical ethers, and mixtures of ethers, for fuel and lubricant applications.
Kinetic studies of alcohol dehydration reactions have traditionally been centered on gas-phase unimolecular dehydration. [20] [21] [22] Experimental and computational studies of gasLinear and branched ether molecules have attracted recent interest as diesel additives and lubricants that can be produced from biomass-derived alcohols. In this study,t ungstated zirconia was identified as as electivea nd green solid acid catalyst for the direct etherification of primary alcohols in the liquid phase, achieving ether selectivities of > 94 %f or C 6 -C 12 linear alcohol coupling at 393 K. The length of linear primary alcohols (C 6 -C 12 )w as shownt oh ave an egligible effect on apparent activation energies for etherification and dehydration, demonstratingt he possibility to produce both symmetrical and asymmetricall inear ethers. Reactions over as eries of C 6 alcohols with varying methylb ranch positions indicated that substituted alcohols (28,3 8)a nd alcohols with branches on the bcarbon readily undergo dehydration, but alcohols with branches at least three carbons away from the -OH group are highly selectivet oe ther.Anovel model compound, 4-hexyl-1-dodecanol, was synthesized and tested to further demonstrate this structure-activity relationship.T rends in the effects of alcohol structure on selectivity were consistentw ith previously proposed mechanismsf or etherification and dehydration, and help to define possible pathways to selectively form ethers from biomass-derived alcohols.
phase unimolecular dehydrationo fa lcohols over g-Al 2 O 3 have supported the theory that increasing the substitution of the alcohol increases the stability of the intermediate in the ratelimiting step for dehydration,r esulting in ad ecrease in activation barrier for dehydration with increasings ubstitution. [20, 23] Althoughs tudying the effect of alcohol structure in the gas phase where unimolecular dehydration dominates has provided some insight into the relationship between unimolecular dehydration rates and substitution, the kinetics of etherification must also be explored to understand the relationship between alcohol structure and selectivity to ether.S ome efforts have been made to investigate the catalytic conversion of alcohols to both symmetrical and asymmetricale thers at moderate temperatures where etherification dominates. Various acidic resins and zeolitesh ave been shown to be effective in the liquid-phase etherification of 1-pentanol, 1-hexanol, and 1-octanol to produce symmetrical ethers. [24] [25] [26] [27] Te jero et al. have demonstrated that it is also possible to produce asymmetrical ethers like ethyl-hexyl ether and ethyl-octyl ether through cross-coupling of 1-hexanol or 1-octanol with ethanol or diethylcarbonate. [5, 28] But, to our knowledge,the literature is lacking acomprehensive study of the kinetics of liquid-phasee therification reactions over al arge range of long-chain 1-alcohols (C 6 -C 12 ), and am ore thorough investigation into the effect of branched alcohols on the formation of symmetrical and asymmetrical ethers in the lubricant range (C 12 -C 36 ). Although acidic resins such as Amberlyst 70 and Nafion NR-50 have been shown to be effective for etherification of linear alcohols in the liquid phase, measuring accurate rate data is difficult owing to the swelling of these resins in the solvent, whichc auses changes in the number of accessible active sites over time. [29] Tungstated zirconia is thermally stable, does not deactivate or swell in the reactant media, and has been shown to be an effective catalystf or etherification of alcohols. Thus, this paper will comprehensively study the effects of linear alcohol length, carbon chain branches, andp ositions of carbon chain branches on the kinetics of etherification and dehydration reactions over tungstated zirconia in the liquid phase, with the aim of understanding the relationship between ether selectivity and alcohol structure.
Results and Discussion

Catalyst characterization
Tungstated zirconia (WO x /ZrO 2 ,1 2.6 wt %W )w as characterized with X-ray diffraction, Ramans pectroscopy,a nd diffuse reflectance infrared Fouriert ransform spectroscopy (DRIFTS) FTIR with adsorbed pyridine to determine the structure and confirm the presence of Brønsted-and Lewis-acid sites. From the XRD pattern in Figure 1a ,t he peaks at 2q angles of 30, 35, 50, and 598 (yellow) indicatet he presence of tetragonal zirconia, [30] [31] [32] and the peaks between 23-258 (pink) represent the presence of bulk tungsten oxide. [33] From the Raman spectra in Figure 1b,t he bands at 274, 715, and 807 cm À1 (pink) indicate the WÀOs tretchingo fb ulk tungsten oxide, [34] and the band at 1020 cm À1 (yellow) is indicative of polymerict ungsten oxide terminated by at ungsten oxygen double bond. [35] The DRIFTS FTIR spectra of adsorbed pyridine shown in Figure 1c demonstratest hat both Brønsted-and Lewis-acid sites are present on the surface of the catalyst, as evident from bandso fa dsorbed pyridine at 1540 cm À1 (blue) and 1444 cm À1 (green), respectively.A dditional catalystc haracterization is summarized in Table 1 .
Effect of alcohol structure on kinetics:linearprimary alcohols (C 6 -C 12 )
To build symmetrical and asymmetricall inear ethers in the diesel range, it is necessary to investigate the effect of alcohol chain length on the apparent kinetics of etherification and dehydration over tungstated zirconia.T he selectivity to ether for C 6 -C 12 alcohols (1-hexanol, 1-heptanol, 1-octanol, 1-nonanol, 1-decanol,1 -undecanol, and 1-dodecanol) was measured for temperatures between 393-418K.T he resultsa re summarized in Ta ble 2.
For all of the linear alcohols studied, the selectivity to ether decreasesw ith increasing temperature. However, the carbon chain length does not appear to have any significant effect on the selectivity.N el and De Klerk observed that ether selectivity of C 6 -C 12 linear alcohols decreased with increasing carbon chain length for gas-phase reactions over h-alumina at 523 K. [2] The authors claimed that their system was limited by external mass transfer,w hich could explain why they observed ad ecrease in selectivity for longer chain alcohols.
The apparent activation energies for etherification and dehydration of linear alcohols in the liquid phase were obtainedb y measuring the initial rates of ether and alkene formation over ar ange of temperatures.Asample time-course study of 1-dodecanol etherification over WO x /ZrO 2 (12.6 wt %W )a t 393 Ki ss hown in Figure S1 in the Supporting Information, which demonstrates that at conversions below approximately 25 %, the kinetics are pseudo-zeroth order.T he rates, selectivities, Arrheniusp lots, and temperature ranges for which the initial rates were obtained are provided in Figure S2 and Tables S1-S2 in the SupportingI nformation. ), which explainst he decrease in selectivity to ether with increasingt emperature observed in Ta ble 2. The activation energies for linear alcohol etherification do not change significantly with increasing carbon chain length, implying that the length of linear alcohols has little effect on the kinetics of etherification and dehydration.
For applicationsi nd iesel fuel, mixtures of linear alcohols could be tuned in the reactant feed to create ad istribution of ethers that containsadesired molecular weight distribution.Asimilartuning of molecular weights has been demonstrated previously for the trimerization of ketones for diesel fuel mixtures. [36] Because the etherification activation ener- gies and reactionr ates do not vary significantly between linear alcohols in the C 6 -C 12 range, am ixture of alcohols will couple in an early randoms tatisticald istribution.A ne xample distribution study is showni nF igure3.S even linear alcohols (1-hexanol, 1-heptanol, 1-octanol, 1-nonanol, 1-decanol, 1-undecanol, and 1-dodecanol) in equimolar ratios were reacted together over tungstated zirconia at 393 K. The theoretical selectivity distribution for random cross-coupling of alcohols is shown in black, and the experimental distribution of ether products is shown in green. Figure 3s hows that there is as light preference for couplingo ft he shorter chain alcohols, which could be explained by the fact that the experiment was run at high conversion (> 90 %), where the inhibiting effects of water and ether are no longern egligible. Under these conditions, it is possible that the bulkier ethers such as di-dodecyl ether introduce steric effects and thus have ag reater inhibiting effect on the rate of consumption of the longerc hain alcohols. Theo bservation that cross-coupling of linear alcohols is nearly statistical suggestst hat the distribution of linear alcohols in the feed could be tuned to produce av arietyo fd esired ether blends.
Effect of alcohol structure on kinetics:position of carbon chain branches
To systematically study the effect of the positiono fc arbon chain branches on etherification kinetics,aseries of C 6 alcohols with varying degrees of substitution and positions of methyl groups were reacted over tungstated zirconia. Table 3s hows the selectivity to ether for the C 6 alcohols at 393 K. Primary C 6 alcohols with am ethyl group at least three carbons away from the -OH group (1-hexanol, 4-methyl-1-pentanol, and 3-methyl-1-pentanol) exhibit av ery high selectivity to ether.A st he methyl group approaches the b-carbon( 2-methyl-1-pentanol), the ether selectivity rapidly decreases.S econdary and tertiary C 6 alcohols (2-hexanol and 2-methyl-2-pentanol) rapidlyd ehydrated under these conditions, forming no ether.
To further study the relationship between branchingp osition andkinetics, the apparent activation energies of etherification and dehydration of the C 6 alcohols were measured, and are shown in Figure 4 . Temperature ranges were selected such that initial rates of both ether anda lkene could be measured, with the exception of 2-methyl-2-pentanol, for which ether could not be detecteda ta ny of the temperatures in the range of 333-418K.T he initial rates, Arrhenius plots, and temperature ranges are provided in Figure S3 and Ta bles S3-S4 in the Supporting Information. Figure 4a shows that the apparent activation barrierf or etherification is fairly independent of the reactant. But from Figure4b, it is clear that as the substitution of the alcohol increases,t he barrier for unimolecular dehydration decreases. The dehydration activation barriers for 1-hexanol, 4-methyl-1-pentanol, and 3-methyl-1-pentanola re 157 AE 13, 158 AE 10, and 155 AE 1kJmol À1 ,r espectively,i ndicating that the barriersa re within error for alcohols with branching at least three carbons away from the -OH group. But for 2-methyl-1-pentanol, 2-hexanol, and 2-methyl-2-pentanol, the barriers are 124 AE 2, 114 AE 5, and 100 AE 12 kJ mol À1 ,r espectively,i ndicating that the dehydration barrier decreases with increasing substitution of the alcohol. In our previous study,measurements of kinetic isotope effects for 1-hexanol dehydration over tungstated zirconia suggested that the rate-limiting step for unimolecular dehydration is the cleavage of a b-carbon hydrogen bond. [19] This is consistentw ith the findings in Figure 4 , as the increased sub- stitutiono ft he a-a nd b-carbons would increase the stability of the carbocation intermediate formed duringu nimolecular dehydration, making dehydration more favorable. Also found in our previous study,t he dehydration of 1-hexanol produced both 1-hexene and 2-hexene, as verified by NMR spectroscopy ; however, no methyl shift was observed, as might be expected for the dehydration of as ubstrate such as 3,3-di-methyl-2-butanol. [19, 37] In addition, sterice ffects that limit a-carbon oxygen bond formation between two alcohols could explain the preference towardsu nimolecular dehydration for 28 and 38 alcohols. [23] Similar relationshipsb etween alcohols tructure and dehydration activation barriers have been observed in the literature for other solid acid catalysts. Activation energieso f1 45, 141, 121, and 110kJmol
À1 have been reported for gas-phase unimolecular dehydration of ethanol, 1-propanol, 2-propanol, and 2-methyl-2-propanol, respectively,o ver g-Al 2 O 3 ,i ndicating that increasing substitution decreases the activation barrier for unimoleculard ehydration. [20, 23] Mpourmpakis et al. observed that dehydration activation barriers of ethanol, 1-propanol, 2-propanol, and 2-methyl-2-propanol also decreased with increasing substitution for dehydration reactions over g-Al 2 O 3 ,Z rO 2 ,a nd TiO 2 . [21] The relationship between alcohol substitution andreactivity for unimolecular dehydration is in agreementw ith the results presented here for C 6 alcohols in the liquid phase, and the relative activation energies for etherification provide an explanation for the selectivity trends observed in Ta ble 3.
Effect of alcohol structure:length of carbon chain branches
Although the kinetics of linear alcohols do not vary significantly from C 6 -C 12 ,t he addition of branches changes the selectivity to ether.T of urther investigate the effects of branch size on ether selectivity,aseries of Guerbet alcohols with increasing carbon chain backbonelength and branch length were reacted with 1-dodecanol in 1:1m olar ratios at low conversions to form symmetrical and asymmetrical ethers in the lubricant range (C 16 -C 36 ). The pathways for these reactions are shown in Scheme2,a nd the resultsa re summarized in Ta ble 4. Symmetrical branched ethers (1E) are only formed in small amounts from the coupling of small Guerbet alcohols (2-ethyl-1-hexanol and 2-butyl-1-octanol), and are not formed from the coupling of bulkier alcohols (> C 16 ). In addition, the reactivity of Guerbet alcohols decreases with increasing bulkiness.
The relatively low selectivity towards branched ethers from the etherification of Guerbet alcohols is likely due to the relatively low activation barrier for unimolecular dehydration of alcohols with substitution on the b-carbon. From Ta ble 3, the addition of methyl branches affected the selectivity to ether to a lesser extent when the branch was three carbonsa way from the -OH group. Thus,i tw as hypothesized that etherification of al onger chain branched alcoholw ith the branch furtherd own the carbon chain would result in highers electivity to ether than aG uerbet alcohol of the same chain length. To test this, the model compound 4-hexyl-1-dodecanol was synthesized and reacted over tungstated zirconia at 393 K, as shown in Scheme 3. The synthesis and characterization of 4-hexyl-1-dodecanol is detailed in the Supporting Information.
From Ta ble 5, it can be observed that there is significant improvement in selectivity to ether for the C 18 alcohol when the branching positioni sf urthera wayf rom the -OH group,r eaching 40 %s electivity to ether (2B) at ac onversion of 23 %a t 393 K. Upon lowering the temperature to 383 K, the selectivity was further increasedt o4 9%,w hich is expected as etherification was shown to be more favorable at lower temperatures. The resultsg iven in Ta ble 4i ndicate that 2-hexyl-1-decanol (C 16 )a nd 2-octyl-1-dodecanol (C 20 )d on ot produce symmetrical ethersi nr eactions with 1-dodecanol over tungstated zirconia. For additional comparison, Guerbet alcohols 2-hexyl-1-decanol and 2-octyl-1-dodecanol were also reacted over tungstated zirconia under the same conditions as those used for the reaction of 4-hexyl-1-dodecanol in the absence of 1-dodecanol. No ether wasd etected for either of these reactions (Table S6 in the Supporting Information).
Scheme2.Pathwaysfor 1-dodecanole therification and dehydration with varying Guerbet alcohols (C 8 -C 24 )overt ungstatedz irconia. Table 4 . Effect of branch length of Guerbet alcohols on the selectivity of ethers and alkenes in reaction with 1-dodecanol.
[a]
2-ethyl- 1-hexanol  4214  63  20  16  33  11  386  2-butyl-1-octanol  6418  69  16  15  26  11  189  2-hexyl-1-decanol  8621  71  10  20  13  18  082  2-octyl-1-dodecanol  10  823  72  721  920  080  2-decyl-1-tetradecanol1 21 02 372  622  317  083 [a] Reactionc onditions: 393 K, 4h,1 00 mg WO x /ZrO 2 (12.6 wt %W ), 600 RPM, 5.6 10 À4 mol 1-dodecanol, 5.6 10 À4 mol Guerbet alcohol,3 .9 10 À4 mol ntetradecaneasi nternalstandard. ChemSusChem 2018, 11,3104 -3111 www.chemsuschem.org Thus, placing the branch furthera way from the -OH group of the alcohols ignificantly improves the selectivity to ether. This raises the question of how branched alcohols with branches further down the carbon chain could be produced from biomass. One potentialr oute would be to start with the condensation of biomass-derived furfural and 2-methylfuran, [38] then selectively hydrogenate to produce 5-pentyl-1-decanol,w hich could furtherb er eactedo ver an acid catalyst to form ether,ass hown in Scheme 4.
Conclusions
Tungstated zirconia was identified as an effective solid acid catalyst for the direct etherification of primary linear alcohols in the liquid phase. The effect of alcohol structure on etherification and dehydration reactions was studied by investigating the effectso f alcohol length, positions of carbon chain branches, and size of carbon chain branches. The rate of dehydration relative to etherification was shown to increase with increasing temperature, which is consistent with the thermodynamicp reference ford ehydration withi ncreasing temperature. The positions of carbon chain branches were shown to have significant effects on ether selectivity.A ddition of carbon chain branches to the aand b-carbons on the alcohol were shown to increase the dehydration selectivity,w hichi sc onsistent with the mechanism proposed in an earlierw ork. It was also demonstrated that alcohols with carbon chain branching at least three carbons away from the -OH group exhibit significantly highere ther selectivity than corresponding alcohols with branches on the aor b-carbons. Activation energy trends for etherification and dehydration providedamore complete explanation for the ether selectivity trends observed over ar ange of alcohol structures. Understanding the effects of alcohol structure on direct etherification reactions is crucial for utilizingb iomass-derived alcohols to make diesel additives, lubricants, ands pecialty chemicals.
Experimental Section Materials
All chemicals obtained commercially were used without further purification. The following chemicals were obtained from Sigma-Aldrich:1 -hexanol (> 98 %), 1-octanol (> 99 %), 1-decanol (> 99 %), 1-dodecanol (> 98 %), 2-hexanol (> 99 %), 2-methyl-1-pentanol (> 99 %), 3-methyl-1-pentanol (> 99 %), 4-methyl-1-pentanol (> 97 %), 2-ethyl-1-hexanol (> 99 %), 2-butyl-1-octanol (> 95 %), 2-hexyl-1-decanol (> 97 %), 2-octyl-1-dodecanol (> 97 %), 2-decyl-1-tetradecanol (97 %), dodecane (> 99 %), hexane (> 99 %), 1-hexene (> 99 %), and pyridine (99.8 %). The following chemicals were obtained from Spectrum Chemical:1 -heptanol (> 98 %), 1-octene (> 99 %), and n-tetradecane (> 99 %), which was used as an internal standard for analytical purposes. The following chemicals were obtained from TCI:1 -nonanol (> 99 %), 1-undecanol (> 99 %), di-noctyl ether (> 95 %), di-n-decyl ether (> 95 %), di-dodecyl ether (> 95 %), 1-decene (> 95 %), and 1-dodecene (> 95 %). Di-n-hexyl ether (> 98 %) was obtained from Alpha Aesar.S ynthesis and characterization of 4-hexyl-1-dodecanol is provided in the Supporting Information, Scheme S1, Figures S4-S7 .
Scheme3.Reactionof4 -hexyl-1-dodecanolover tungstated zirconia. Scheme4.Proposed route to produce branched lubricants from biomassderivedp latform molecules. ChemSusChem 2018, 11,3104 -3111 www.chemsuschem.org Synthesis and characterization of tungstated zirconia Tungstated zirconia (WO x /ZrO 2 ,1 2.6 wt %W )w as synthesized and characterized by using previously reported methods. [19, 30, 39, 40] Powder X-ray diffraction (XRD) patterns for WO x /ZrO 2 were taken with aB ruker D8 GADDS diffractometer equipped with aC uK a source (40 kV,4 0mA). Raman spectra were obtained with a LabRAM HR Horiba Scientific Raman spectrometer equipped with a 633 nm À1 laser.B runauer-Emmett-Teller (BET) surface area measurements were performed with aM icrometrics TriStar BET and pretreated with aM icrometrics FlowPrep 060. The ratio of Brønsted-to Lewis-acid sites was determined from IR spectra of adsorbed pyridine, by using ap reviously reported method. [19] Spectra were acquired with aT hermo Scientific Nicolet 6700 Fourier Transform Infrared Spectrometer (FTIR) equipped with ad iffuser eflectance infrared Fourier transform spectrometer (DRIFTS) cell. Inductively coupled plasma (ICP) elemental analysis was performed by Galbraith Laboratories, Inc. to determine tungsten weight loadings.
Batch reactions
All reactions were carried out in sealed 12 mL Q-Tube batch reaction vessels with magnetic stirring at 600 RPM by using an IKA C-MAG HS 10 digital hot plate with temperature control accurate to within AE 1K.Aseparate batch reaction was performed for each time point for kinetic studies to ensure consistency of volume and concentration of each sample. All reactions over tungstated zirconia were carried out solvent-free with 100 mg of catalyst, 100 mLo f n-tetradecane as an internal standard, and between 84-205 mLo f reactant depending on the reaction conditions (unless otherwise noted). Reaction products were dissolved in acetone for analysis with GC/MS.
Product analysis
The analysis of products was carried out by using aV arian CP-3800 Gas Chromatograph/Mass Spectrometer (GC/MS). The products were quantified with af lame ionization detector (FID) and were identified with aV arian 320 triple quadrupole mass spectrometer (MS). n-Tetradecane was used as an internal standard to ensure accurate product quantification. FID response factors for pure commercial compounds were obtained from linear calibration curves, and the effective carbon number method was used to predict response factors for products that are not available in high purity. This method predicts the FID response to within AE 1.7 %. [41] Mass balances for all reactions were achieved within AE 5% unless otherwise noted.
Kinetic analysis
To measure the initial rates of etherification and unimolecular dehydration of 1-hexanol, 1-heptanol, 1-octanol, 1-nonanol, 1-decanol, 1-undecanol, 1-dodecanol, 4-methyl-1-pentanol, 3-methyl-1-pentanol, 2-methyl-1-pentanol, 2-hexanol, and 2-methyl-2-pentanol, individual batch reactions for each time point were carried out at each temperature. Mass transfer limitations were found to be negligible at stirring speeds of 600 RPM for catalyst particle sizes less than 250 mmi nd iameter.T his conclusion was determined by measuring the initial catalytic activity as af unction of stirring speed and particle size. For each experiment, conversion (X a ), selectivity to ether (S ether ), selectivity to alkenes (S alkenes )w ere defined as follows: Initial rates of ether and alkene formation (r o )w ere calculated from the experimentally measured curve of moles of product formed per mass of catalyst versus time (t). Apparent activation energies were calculated from an Arrhenius plot of the natural log of the initial rates versus the inverse temperature. At low conversions (< 25 %), the reaction is pseudozeroth order in reactant, indicating that the surface of the catalyst is saturated with reactant. Under these conditions, the inhibiting effects of water and ether,a nd the formation of additional products such as branched ether and oligomerized alkenes are negligible. [19] The Arrhenius relation was given by:
Where r o is the initial rate of ether or alkene formation, k app is the apparent rate constant for the reaction, A app is the apparent pre-exponential factor,a nd E a,app is the apparent activation energy.F or the Arrhenius fitting, the pre-exponential factor was fixed for both the etherification and dehydration plots of the C 6 alcohols and linear alcohols, based upon the assumptions that the active sites for each reaction are equivalent, and that the entropy of adsorption of the most abundant surface intermediates and the change in entropy of the transition states are both consistent across the various substrates. The pre-exponential factors were fit to minimize the standard error on the least squares regression for each group of substrates. Error bars for activation energies were taken from the standard error of the least squares regression. Arrhenius plots, initial rates, pre-exponential factors, activation energies, and the temperature ranges for each reaction are given in Figures S2-S3 and Ta bles S1-S4 in the Supporting Information.
